Abstract Interspecific interactions and soil nitrogen supply levels affect intercropping productivity. We hypothesized that interspecific competition can be alleviated by increasing N application rate and yield advantage can be obtained in competitive systems. A field experiment was conducted in Wuwei, Gansu province in 2007 and 2008 to study intercropping of faba bean/maize, wheat/maize, barley/maize and the corresponding monocultures of faba bean (Vicia faba L.), wheat (Triticum aestivum L.), barley (Hordeum vulgare L.) and maize (Zea mays L.) with N application rates of 0, 75, 150, 225 and 300 kg N ha −1 . Total land equivalent ratios (TLER) were 1.22 for faba bean/maize, 1.16 for wheat/maize, and 1.13 for barley/maize intercropping over the 2-year study period. Maize was overyielding when intercropped with faba bean, but underyielding when intercropped with wheat or barley according to partial land equivalent ratios (PLER) based on grain yields of individual crops in intercropping and sole cropping.
Introduction
Intercropping (or multiple cropping) is relatively common in tropical and temperate areas because of the effective utilization of resources such as water (Olasantan 1988; Xu et al. 2008) , nutrients (Morris and Garrity 1993; Zhang and Li 2003 ) and solar energy (Harris et al. 1987; Natarajan and Willey 1985) , because of protection from insect, weed and crop diseases (Gahukar 1989; Trenbath 1993; Zhu et al. 2000) and because of effective use of arable land (Francis 1985; Ghosh 2004; Vandermeer 1989) . The majority of intercropping systems involve legume/ cereal combinations (Francis 1985; Vandermeer 1989; Ghosh 2004 ) because of interspecific facilitation or complementarity (Willey 1979; Vandermeer 1989; Loreau et al. 2001) , and most of the research that has been conducted on intercropping has therefore focused on mixtures of legumes and cereals. However, cereal/cereal intercropping is popular and plays an important role in intensive farming systems in northwest China. There are 864,000 ha of cereal/ cereal intercropping and 75,000 ha of wheat/maize intercropping in Gansu province producing 43% of the total cereal yields in Ningxia municipality in northwest China (Lu 1999) . Total grain yields have reached 10.0-13.3 t ha −1 in wheat/maize systems (Li et al. 2001a, b) and 13.8 t ha −1 in barley/maize intercropping (Liu 2005) in which N application rates of up to 225-300 kg ha −1 have been applied (Li et al. 2001a; Liu 2005) . Most studies on intercropping have focused on lowinput and low-output systems (Kavamahanga et al. 1995; Hauggaard-Nielsen and Jensen 2001) in order to develop organic farming systems. In contrast, intercropping in China has developed using intensive farming systems with high inputs and high outputs, typically cereal/cereal systems. However, cereal/cereal mixtures have not been extensively studied because they were expected to generate little added value to monocrops because of an anticipated prevalence of competitive rather than facilitative interactions. Sometimes intercrops are advantageous, not mainly through facilitation, but simply because of complementarity, e. g. in relay intercrops such as cotton/wheat intercrops in which the benefit is based mainly on a differentiation between component crops in the timing of interception of radiation , Zhang et al. 2008a . It has also been shown that interspecific interactions and soil nutrient levels affect agricultural ecosystem productivity (Snaydon 1982; Wilson and Tilman 1991, 1995; Cahill 2002) . The effect of interspecific interactions on productivity varies with crop species combination(s) (Sharaiha and Gliessman 1992) .
In general terms there are two types of interspecific interactions, namely interspecific facilitation and competition (Vandermeer 1989) . Interspecific facilitation occurs when one plant species enhances the growth of another plant species and has been observed mainly in legume/cereal systems such as soybean/corn and cowpea/corn (Allen and Obura 1983) , wheat/white lupine (Horst and Waschkies 1987) , wheat/chickpea, faba bean/maize (Li et al. 1999 , and peanut/maize (Zuo et al. 2000) . In contrast, crops in cereal/cereal intercropping generally have similar niches and there is likely to be interspecific competition during the co-growth stage of the two crop species (Caballero et al. 1995; Li et al. 2001a) in which one crop species reduces the growth and furthermore depresses the yield of another crop species. How to minimize interspecific competition and maximize resource utilization is therefore a central issue in cereal/cereal intercropping.
Some agronomists and ecologists have proposed that higher nutrient availability aggravates interspecific competition because of larger individuals per se occupying higher development space, intercepting more light and assimilating more nutrient resources and water (Grime 1979; Keddy 1989; Schippers et al. 1999) . However, others suggest that interspecific competition is independent of the availability of nutrient gradients (Newman 1973; Tilman 1988) . We hypothesize that (1) interspecific competition can be alleviated by increasing N application rate and even eliminated by sufficient N supply, and (2) yield advantage can be obtained in a competitive system such as wheat/maize or barley/maize through the provision of an adequate N supply. Total precipitation and irrigation during crop growth and the background properties of the soil before N fertilization and crop sowing are shown in Table 1 . Sowing dates were the middle of March for barley, wheat and faba bean and mid-April for maize. Barley and wheat were harvested in the middle of July, faba bean at the end of July and maize in early October. All plots were well irrigated manually during crop growth. The experimental area was weeded by hand after irrigation during the co-growth stages, which are defined as the stages from emergence of maize to harvest of barley, wheat or faba bean. The crop preceding the 2007 experiment was spring wheat (Triticum aestivum L.) and that preceding the 2008 experiment was spring maize (Zea mays L.). The soil is an Aridisol (serozem) typical of the irrigation zone in which hotter areas produce one harvest and milder areas support two harvests each year.
Materials and methods

Study area
Experimental design
The experimental design was a split plot with three replicates in which the main plot treatments were 0, 75, 150, 225, and 300 kg N ha −1 and 75 kg P ha Half of the N and all of the P fertilizer were broadcast and incorporated into the top 20 cm of the tilled soil prior to sowing. The remaining half of the N was applied with irrigation when the crops were at elongation and pre-tasselling stages of maize. The faba bean seeds were sown at a depth of 10 cm, then barley and wheat seeds at 4 cm and finally the maize seeds at a depth of 6 cm. Barley/maize and wheat/ maize intercropping were planted in alternating 1.5-m-wide strips including a 0.72-m-wide wheat or barley strip (six wheat or barley rows with 0.12 m inter-row distance) and a 0.78-m-wide maize strip (two maize rows with 0.39 m inter-row distance). Faba bean/maize intercropping was planted in alternating 1.2-m-wide strips including a 0.4-m-wide faba bean (two faba bean rows with 0.2 m inter-row distance) and a 0.8-m-wide maize strip (two maize rows with 0.4 m inter-row distance) (Fig. 1) . Each intercropping plot consisted of three strips, one of which was a sample collection strip during the growing season. Another was used to calculate grain yields at maturity and a symmetrical edge half strip was discarded for the use of the landholder at harvest. Five plants of faba bean, five of maize and 0.72 m×0.3 m of barley or wheat were collected on the second sampling occasion. From the third sampling to maturity, four plants of faba bean and maize were sampled. At final harvest, grain yields and above-ground dry matter of faba bean and maize at maturity were determined on samples comprising one intercropping strip, and for intercropped barley or wheat by each row in order to observe any border row effects of the cereals. The area harvested in the intercropping systems was identical to that harvested in the sole cropping systems.
Samples were taken of the total standing crop before grain filling stages, and samples were separated into stems, leaves and grains after this stage, and the N content measured accordingly.
Calculations and data analysis Grain yield and above-ground biomass were determined by harvesting the area of one strip at maturity. Nitrogen concentration in the plant dry matter was determined by wet digestion with H 2 SO 4 and H 2 O 2 using the micro-Kjeldahl procedure. N acquisition was calculated as the product of nitrogen concentration and biomass in above-ground parts of the crops.
The land equivalent ratio (LER) is defined as the total land area of sole crops required to achieve the same yields as the intercrops (Rao and Willey 1980; Vandermeer 1989; Willey 1979) and has been generally accepted as an agronomically sound index to evaluate yield advantage derived from intercropping practice compared with monoculture and is expressed as follows. 
where Y intercropped A and Y intercropped B are yields of intercropped crops A and B, based on land area of whole intercrop system, and Y sole crop A and Y sole crop B are yields of monoculture crops A and B. If TLER is greater than 1.00, there is an intercropping yield advantage, and if less than 1.00, there is no yield advantage (Vandermeer 1989) .
Overyielding for grain was calculated as follows:
where P is the proportion of the crop in the intercrop. Overyielding for grain yield and above-ground biomass of intercropped crops relative to sole crops was assessed by an increase or decrease in the intercropped crops over the corresponding monocropped crops.
Positive overyielding indicates intercropping with yield advantage and a negative value denotes yield disadvantage.
The competitive ability of associated crops with maize was measured and evaluated indirectly by the value of overyielding for maize compared with sole maize.
Relative Yield of Mixtures ðRYMÞ
where Y intercrop A , Y intercrop B , Y sole A , Y sole B are the yields of intercropped crops and corresponding monoculture crops, respectively, and P A , P B are the proportions of crops A and B sown in intercropping systems. P A is determined as P A ¼W A =ðW A þ W B Þ and P B ¼W B =ðW A þW B Þ, where W A and W B are the widths of crops A and B in intercropping strips (Wilson 1988) .
RYM shows the proportion of yield attained in mixture compared to what could be attained in monoculture. When the value is greater than 1.0 there is some kind of facilitation or avoidance of competition for intercropped crops to obtain more yield than monocultures and when it is less than 1.0 there is some type of competition or rivalship among interacting species to lower yields compared with sole cropping. When RYM equals 1.0 there is no intercropping effect (Williams and McCarthy 2001) .
Both TLER and RYM indicate the performance of intercropping over sole cropping, whereas PLER and overyielding indicate the performance of an individual intercropped crop relative to the corresponding sole crop.
Changes in N capture by an intercrop relative to capture by component sole crops (ΔNU) are described as follows. (Morris and Garrity 1993) .
Statistical analysis
All data were submitted to analysis of variance (ANOVA) using the SAS software package (SAS Institute 2001) and mean values (n=3) were compared by least significant difference (LSD) at the 5% level.
Results
Yield advantage and land-use efficiency
Total land equivalent ratio (TLER), averaged over N levels, was 1.22 (ranging from 1.13 to 1.34) in faba bean/maize, 1.16 (1.08 to 1.26) in wheat/maize, and 1.13 (0.95 to 1.38) in barley/maize intercropping over the 2 years of the study (Table 2 ). This indicates that 22, 16 and 13% more area would be required by the corresponding sole cropping systems to attain the yields of the intercropping systems. TLER was more than 1.0 in both faba bean/maize and wheat/maize intercropping at all N application rates in both years, and for barley/maize intercropping under adequate N supply ( where Y intercropped A and Y intercropped B are yields of intercropped crops A and B, based on land area of whole intercrop system, and Y sole crop A and Y sole crop B are yields of monoculture crops A and B. If TLER is greater than 1.00, there is an intercropping yield advantage, and if less than 1.00, there is no yield advantage (Vandermeer 1989) application rate in both 2007 and 2008 (Table 2) . TLER for faba bean/maize intercropping was 1.13-1.34 for 150 kg N ha −1 application rate or lower rates, and was the greatest among the three intercropping systems (Table 2) .
Grain yield of maize and above-ground biomass Nitrogen fertilizer application significantly increased grain yields and above-ground biomass of maize at all rates of N application (Table 3) . Similar results were observed for above-ground dry matter production. Above-ground biomass of maize was higher in monoculture or in intercropping with faba bean than intercropping with barley or wheat at nitrogen rates below 225 kg N ha −1 , and there was no significant difference in above-ground biomass among the maize grown alone and the maize intercropped with barley, faba bean or wheat at the higher N rates in 2007. Similar results were obtained in 2008. The difference in above ground biomass between cropping systems at the co-growth stage was significant at N levels 0, 75 and 150 kg N ha −1 , but not at levels of 225 kg N ha −1 or above (Fig. 2a) . Yield of maize intercropped with barley decreased significantly compared to monoculture maize at N levels 0, 75 and 150 kg N ha −1 , but not at a level of 225 kg N ha −1 or above (Table 3 ). There was a greater differences in above-ground biomass between the sole maize and the maize intercropped with either wheat or barley under 0 and 75 kg N ha −1 of N fertilizer application (Fig. 2a ). Maize intercropped with barley was initially retarded in its growth by competition from barley, but it recovered after the harvest of barley, and (almost) attained the same stature as the monoculture maize only at N levels of 225 kg N ha −1 or above (Fig. 2a) .
The largest grain yield of maize was achieved in faba bean/maize intercropping, the smallest in barley/ maize intercropping and was intermediate in wheat/ maize intercropping using sole maize as standard. Increase in maize grain yield, in comparison to maize monoculture, was positive in faba bean/maize intercropping but was negative in barley/maize and wheat/ maize intercropping (Table 3) . Similar results were observed for above-ground dry biomass accumulation (Table 3) . Grain yield of maize intercropped with faba bean was approximately twice as large as that intercropped with barley in the absence of N fertilizer application in 2007 (Table 3) ). A down arrowhead represents date of barley, wheat and faba bean harvest by LSD test at the 5% level in the field experiments over two years. Maize overyielded by 10% (ranging from 4% to 15%) in faba bean/maize intercropping, underyielded by 4.5% (3% to 12%) in wheat/maize intercropping and underyielded by 17.5% (7% to 54%) in barley/maize intercropping over the corresponding sole maize on average over the 2 years (Table 3) .
Although the N fertilizer application rate was up to 225 kg N ha −1 , grain yield of maize intercropped with barley was still less than with faba bean but similar to maize intercropped with wheat or sole maize in 2007 ( Above-ground dry matter and grain yields of barley, wheat and faba bean Increases in faba bean, wheat and barley grain yield by intercropping with maize, in comparison to their corresponding monoculture, were faba bean on average by 55% (30-110%), wheat by 43% (24 61%), and barley by 50% (19-86%) (Table 4) . Similar trends were observed in above-ground biomass production (Table 4) .
Nitrogen acquisition of maize intercropped with barley, faba bean, wheat and sole maize
The highest nitrogen concentration in maize was usually observed at the second sampling (on June 17) with a subsequent gradual decrease (Fig. 2) . Nitrogen concentration in maize changed significantly with intercropping under the lower N fertilizer treatments (0, 75, 150 kg N ha −1 ) in which there were significant differences in N concentration between the maize intercropped with either barley or wheat and sole maize at early growth stages, indicating that interspecific competition for N fertilizer occurred between maize and associated species at early co-growth stages. Application of N fertilizer significantly increased N acquisition by maize. Nitrogen acquisition by maize intercropped with barley was significantly lower compared to maize intercropped with faba bean or wheat or sole maize at all rates of N application except for 225 kg N ha −1 in 2008 (Table 3 ). This furthermore reveals that barley deprived maize of N, but faba bean benefitted maize during the co-growth stage. Nitrogen acquisition of maize intercropped with barley was significantly less than that of sole maize, even at 300 kg N ha −1 application.
Nitrogen acquisition of barley, wheat and faba bean Nitrogen application increased the nitrogen acquisition by associated crops compared with the corresponding sole crops but the effect was not significant in analysis of variance, indicating that the associated crops were not dependent on N fertilization. Intercropped barley acquired more N (152-272 kg N ha −1 ) than intercropped wheat (147-241 kg N ha −1 ) ( Table 4) .
Discussion
Relative yield of mixtures (RYM) and changes in N capture by an intercrop relative to capture by component sole crops (ΔNU)
In barley/maize intercropping, RYM was mostly less than 1.0 (with the exception of the 225 kg N ha −1 treatment). However, RYM was greater than 1.0 in both faba bean/maize and wheat/maize intercropping systems in 2008 (Table 5) . ΔNU was positive in faba bean/maize intercropping over the 2 years but was negative in barley/maize and wheat/maize in 2007 (Table 6 ). RYM indicates the proportion of yield attained in mixture compared to what could be attained in monoculture. These results suggest that there was mainly facilitation in faba bean/maize intercropping and to some extent avoidance of competition in wheat/ maize intercropping but absolute competition in barley/ maize intercropping, especially under low N application rates. This further emphasizes the competitive dominance of barley and the inferiority of wheat.
Interspecific competition in cereals/cereals intercropping can be alleviated by increasing N application rate
The present study supports our first hypothesis that interspecific competition can be alleviated by increas-ing N application rate. The experimental results show that, although barley exerted intensively suppressive effects on maize grain yield, growth and N acquisition during the co-growth stages, the suppressive effect on maize can be moderated by an adequate rate of N fertilizer application. It was reported that barley had an intensive competitive ability to soil and fertilizer nutrients in barley/field beans (Snaydon 1982) , barley/pea intercropping (Jensen 1996; Tofinga et al. 1993) , barley/pea/oilseed rape (Brassica napus L.) tricomponent intercrops (Andersen et al. 2004) , barley/ field pea (Pisum sativum L.), barley/faba bean (Vicia faba L.), barley/narrow-leafed lupin (Lupinus augustifolius L.) intercropping (Knudsen et al. 2004 ), spring barley/lentil (Lens culinaris Medik.) intercropping (Schmidtke et al. 2004) , and barley/vetch (Vicia desycarpa L.) (Mohsenabadi et al. 2008) . All of these studies focused on barley/legumes and few involved in cereal/cereal intercropping. Fertilization usually benefits dominant species more than subordinate species. For instance, nitrogen application enhanced grain yield of maize (a dominant species) but reduced that of the suppressed species, mungbean (Vigna radiate L.), in intercropping (Chowdhury and Rosario 1994) . In a barley/vetch intercropping, barley (a dominant crop) was also favored by nitrogen fertilizer application (Mohsenabadi et al. 2008) . Present study found that barley was also a dominant species in barley/maize intercropping, but N fertilizer application did not enhance the competitive ability accordingly. In contrast, N application increased the growth, grain yield and PLER of intercropped maize, and thus alleviated the interspecific competitive effect of barley on maize.
In a wheat/maize intercropping, our previous study found that the roots of wheat were spread laterally under maize plants but maize roots did not spread under wheat plants at earlier growth stages (Li et al. 2006) . This root distribution pattern was attributed to a greater competitive ability of wheat relative to maize in the intercropping (Li et al. 2006) . Similarly, in barley/maize intercropping, previous studies showed that barley had more competitive ability than (Li et al. 2001a, b) . However, under low soil fertility conditions (in 2007) maize underyielded by 7-54% when intercropped with barley or by 3-12% when intercropped with wheat under different rates of N fertilizer application. This indicates that recovery after harvest of early maturing species, an important mechanism underlying overyielding for subordinate species (late maturing species) (Li et al. 2001b) , was very limited under low soil fertility, an effect not found in previous studies under sufficient N supply (Li et al. 2001a, b) . The difference in above-ground dry matter accumulation between intercropped and sole maize over the six sampling occasions decreased with time under low soil fertility conditions. In the present study, although the grain yield of maize intercropped with barley or wheat declined, the grain yield of the associated wheat or barley increased significantly. As a result, the total productivity of the whole intercropping system increased compared to the sole cropping systems under high soil fertility or high rates of N application. We must consider soil fertility and N fertilization rate when choosing a combination of crops in intercropping systems. In the present study faba bean overyielded but did not compete with maize because maize did not underyield. This is consistent with previous results (Li et al. 1999 (Li et al. , 2009 ).
Yield advantage of cereal/cereal intercropping can be acquired with an adequate nutrient supply
The present study supports our second hypothesis that yield advantages in cereal/cereal intercropping can be obtained by adequate fertilization. The majority of intercropping systems in Africa are combinations of cereals and legumes (Francis 1985; Vandermeer 1989; Ndakidemi 2006 ) and also in India (Ghosh et al. 2007 ) and these systems have been studied in detail. Songa et al. (2007) found that maize/bean systems had LER values >1.65 while most other intercropping with several cereal species including maize, sorghum, and millet, gave LER values <1. Our results also show that there was no yield advantage of barley/maize or wheat/ maize combinations under inadequate N supply levels. However, when the N supply was sufficient, advantages of intercropping were obtained. This is relevant for regions with limited land area for arable crop production and where cereals are the major crops.
In the present study the advantage of cereal/cereal intercropping systems can be attributed to significant complementarity in utilization of resources such as the use of different sources of nitrogen, namely fixation of atmospheric nitrogen by legumes and utilization of mineral fertilizer by cereals, together with the utilization of environmental resources at different times during the different growth periods of the crop species (Firbank and Watkinson 1990) . Differences in spatial resources can be imposed, shoots for light and roots for water and nutrients and earlier sowing of one crop than another can hold niche width expansion (Snaydon 1982) . Different sowing dates, sowing densities or seeding ratios can be used to change competitive ability (Carr et al. 2004; Roberts et al. 1989; Yilmaz et al. 2008) or below-ground root competition for soil nutrients (Thorsted et al. 2006; Murphy and Dudley 2007) . Maize performed differently because of the differences in the competitive ability of its associated crop species.
Conclusions
Maize growth may either gain or suffer in different intercropping systems depending on associated crops. In faba bean/maize, wheat/maize and barley/maize intercropping systems faba bean was beneficial to maize development and nutrient uptake but barley and wheat competed with maize and barley was the stronger competitor. Nitrogen fertilization alleviated the competitive intensity of intercropped crops in cereal/cereal intercropping. Although a statistical comparison between associated crops (barley and wheat) with maize showed no difference from the corresponding monocultures, intercropped crops had higher grain yields and land potential efficiencies than sole crops, suggesting that the yield advantage of intercropping was related to soil fertility and nitrogen application. The response of different cropping systems to N-fertilizer application, however, was not the same, with competitive intercropping being more sensitive than facilitative intercropping. Adequate fertilization will be necessary to maximize the productivity of cereal/cereal intercropping.
